Behavioral disinhibition (BD) is a quantitative measure designed to capture the heritable variation encompassing risky and impulsive behaviors. As a result, BD represents an ideal target for discovering genetic loci that predispose individuals to a wide range of antisocial behaviors and substance misuse that together represent a large cost to society as a whole. Published genome-wide association studies (GWAS) have examined specific phenotypes that fall under the umbrella of BD (e.g. alcohol dependence, conduct disorder); however no GWAS has specifically examined the overall BD construct. We conducted a GWAS of BD using a sample of 1,901 adolescents over-selected for characteristics that define high BD, such as substance and antisocial behavior problems, finding no individual locus that surpassed genome-wide significance. Although no single SNP was significantly associated with BD, restricted maximum likelihood analysis estimated that 49.3% of the variance in BD within the Caucasian sub-sample was accounted for by the genotyped SNPs (p=0.06). Gene-based tests identified seven genes associated with ). Although the current study was unable to identify specific SNPs or pathways with replicable effects on BD, the substantial sample variance that could be explained by all genotyped SNPs suggests that larger studies could successfully identify common variants associated with BD.
Behavioral disinhibition (BD) is a latent quantitative measure designed to capture common variation shared across many harmful or dangerous behaviors including substance problems, antisocial or criminal behavior, and novelty seeking (Young et al. 2000) . In addition, 60%-80% of variation in BD is attributed to additive genetic effects, making BD more heritable than many of the individual component behaviors used to formulate the latent BD construct (Young et al. 2000 , Krueger et al. 2002 , Hicks et al. 2013 . To date, genome-wide association studies (GWAS) have been restricted to such individual component behaviors of BD , including use or abuse of various substances (e.g. alcohol , Edenberg et al. 2010 , Frank et al. 2012 , Gelernter et al. 2014a , Kapoor et al. 2013 , Schumann et al. 2011 , Treutlein et al. 2009 , Wang et al. 2012 , tobacco , Furberg et al. 2010 , Thorgeirsson et al. 2010 , cannabis (Agrawal et al. 2011 , Verweij et al. 2013 , methamphetamine (Uhl et al. 2008) , opioids (Gelernter et al. 2014b , Nielsen et al. 2010 , and cocaine (Gelernter et al. 2014c) ), conduct disorder (Dick et al. 2011) , adult antisocial behavior (Tielbeek et al. 2012) , and related personality constructs such as excitement seeking (Terracciano et al. 2011) . Although certain behaviors, most notably tobacco use , Furberg et al. 2010 , Thorgeirsson et al. 2010 , have identified robust associations with specific variants, many GWAS fail to identify individual loci with genome-wide significant effects. This suggests that much of the heritability underlying each trait is unlikely the result of a small number of variants with large effects, and will require larger sample sizes in order to identify variants with small effects (Lee et al. 2011) . GWAS of other phenotypes have identified significant replicated effects when large enough samples sizes have been amassed to provide adequate statistical power to identify variants despite very small effect sizes (e.g., accounting for 0.1% of the total variance, or less; Sullivan et al. 2011; Rietveld et al. 2013) .
Increasing sample sizes is only one of a number of ways to increase statistical power.
Improved phenotypic assessment and modeling could also provide increased statistical power for studies conducted in more moderately sized samples, and particularly for phenotypes that are presumed to be continuously distributed in the population (van der Sluis et al. 2012) . BD is a prime example in this context, as relevant quantitative differences in phenotypic severity are maintained between individuals, whereas a case-control approach is fairly insensitive to these differences. However, one issue with searching for specific genetic influences on many continuous phenotypes, such as BD, is that the most severe, clinically significant levels are relatively rare in the general population, as they are located on the extreme ends of the distribution. Ascertaining samples specifically for individuals with extreme phenotypes may improve our ability to detect small genetic effects by increasing the sample variance. Therefore, an ideal sample might be considered one that is enriched (and well-measured) for extreme BD characteristics.
We report here results and characterization of the initial GWAS from the Center on Antisocial Drug Dependence (CADD), an adolescent sample over-selected for severe BD characteristics. Any genetic effects on BD are potentially attributable to many (i.e., thousands of) variants, each with a very, very small effect. Incorporating methods for aggregating effects across multiple variants, such as gene-and pathway-based analyses, can identify promising causal biological systems beyond the significance of any single variant. In addition to SNP level association, the current study applied gene-based, pathway-based, and genome-wide approaches to characterize genetic influences on BD in a diverse, clinically-oversampled, thoroughly phenotyped sample. By supplementing a GWAS with several methods of aggregating genetic evidence across many potentially associated variants, we sought to generate novel insights into the potential genetic etiology of BD and identify promising candidates, either old or new, for future study.
Methods

Participants
Participants with genetic and relevant phenotypic data were ascertained from the CADD projects; full details of participant selection for inclusion in the GWAS sample are provided in the Supplemental materials. GWAS participants were drawn from several primary studies described elsewhere (Hartman et al. 2008 , Petrill et al. 2003 , Rhea et al. 2006 , Stallings et al. 2005 ). The current sample of 1,901 unrelated adolescents was over-selected for adolescent BD, with half of the participants ascertained specifically from high-risk populations (i.e. recruited through substance abuse treatment, special schools, or involvement with the criminal justice system; see Supplement for additional criteria for clinical probands). CADD GWAS participants had an average age of 16.5 (SD=1.4, range=13.0-19.9), 28.9% were female, and 37.3% of participants reported non-Caucasian ancestry (primarily Hispanic or African; see Supplemental Table S1 for complete demographic statistics).
Phenotype
BD was defined as a composite measure of substance dependence vulnerability (assessed across 10 substances), novelty seeking, and conduct disorder symptoms. The BD phenotype has been previously examined within the CADD samples, including Young et al. (2000) demonstrating that the component measures have loadings ≥0.4 on a common, highly heritable BD latent factor, and linkage analyses by Stallings et al. (2003 Stallings et al. ( , 2005 . A full description of construction of the BD phenotype is provided in the Supplement; Supplemental Figure S1 shows the distribution of BD in the CADD GWAS sample. Briefly, principal component scores were normed to community-representative samples in CADD and applied to all CADD GWAS participants from both the community-representative (48.2%) and high-risk samples (51.8%).
Average scores on the BD composite measure were 0.19 (SD=1.2, range=-1.9-5.0) for the community-representative participants and 2.76 (SD=1.2, range=-0.3-6.7) for the high-risk participants.
Genotyping
All participants were genotyped on the Affymetrix 6.0 platform (Affymetrix, Inc., Santa Clara CA), with a total of 696,388 autosomal SNPs available for analysis after quality control.
Full details on processing and cleaning genotypes for the CADD GWAS sample is provided in the Supplement. Population stratification was examined by performing multidimensional scaling in PLINK (Purcell et al. 2007) , in which ten ancestry dimensions were estimated. The first three dimensions notably captured genetic variation among individuals of self-reported African, Hispanic, and Asian ancestry, compared to a central (majority) node of individuals of selfreported European ancestry. Supplemental Figure S2 illustrates the first three ancestry dimensions within the CADD GWAS sample (along with individuals' self-reported ancestry).
Analyses
Genome-wide analysis was conducted as a linear regression of the additive effect of each SNP on BD in PLINK (Purcell et al. 2007 ). All autosomal SNPs that passed basic quality controls were tested for association with BD, and 10 ancestry dimensions were included as covariates. Age and sex were accounted for in the estimation of the BD phenotype. The criterion for individual SNP significance was set at p<5×10 -8 .
Genome-wide data from the CADD GWAS sample were further characterized using Genome-wide Complex Trait Analysis (GCTA; Yang et al. 2011) . GCTA allows us to estimate the proportion of variance in the phenotype that may be explained using all of the genotyped SNPs using restricted maximum likelihood (REML) analysis. While this method does not specifically identify any causal variants, it does estimate the total proportion of sample variance that may be explained by all of the genotyped SNPs.
Gene-based tests were conducted using VEGAS , which aggregates evidence of association across all SNPs within a gene. A total of 16,094 autosomal genes were tested for association with BD in CADD, based on the primary GWAS results, with a multipletesting-corrected significance threshold set at p<3.1×10 -6 .
INRICH ) was selected to conduct our pathway analyses as it is wellsuited for testing both large (i.e., exploratory) and small (i.e., candidate) pathway sets. Table S4 provides results from all 72 pathways meeting Empirical p<0.05
in CADD (from a total of 3440 pathways tested) that were subsequently tested in the MCTFR and SAGE samples.
Discussion
No SNP was significantly associated with BD in the CADD GWAS. This is not surprising, given the relatively small sample. GWAS of psychiatric and behavioral phenotypes that have successfully identified and replicated individual effects of common SNPs have relied on very large samples (Rietveld et al. 2013; Ripke et al. 2013) . Despite the lack of significance of any individual SNP, GCTA REML analysis estimated that 49.3% (SE=0.31, p=0.06) of the Caucasian ancestry sub-sample variation in BD could be accounted for by all of the genotyped SNPs. Conversely, a similar study found no evidence of variance in early adolescent (12-yearold) non-substance behavioral problems being attributable to common variants (Trzaskowski et al. 2013 ). This may suggest qualitative differences between genetic effects on BD at different ages, an effect that has been reported from twin models of comorbidity between dependence on different substances (Vrieze et al. 2012) , which is a marker of BD.
Gene-based tests identified seven genes associated with BD in the CADD sample.
However, neither the genes nor pathways identified as marginally overrepresented in the CADD GWAS results showed evidence of replicable low-p-values in either the MCTFR or SAGE samples. Taken together, these findings suggest that discoverable effects of common SNPs underlie the genetic architecture of BD, although better-powered studies are required to identify the associated loci.
The comparisons made between datasets must be considered in light of several limitations of the current study. There are substantial differences among the examined samples in terms of age (CADD and MCTFR represent adolescent data, while SAGE was comprised of adults), sex composition (MCTFR and SAGE are split evenly by sex, while CADD has an overrepresentation of males due to the sampling scheme), and diversity of ancestry (MCTFR is less diverse than either CADD or SAGE, which each have different representations of nonCaucasian ancestry groups). The sampling schemes of CADD and SAGE aimed to increase power to detect effects by oversampling extreme phenotype individuals, whereas the MCTFR study is closer to community-representative.
We sought to identify genetic influences on adolescent BD through a multifaceted approach. We initially characterized results from a standard GWAS by estimating the variance explained by common SNPs, and used gene-and pathway-based tests to identify potential novel candidate genes and pathways. Results from the estimation of sample variance explained by all genotyped SNPs and significant gene-based tests suggest there is a real genetic signal to be detected within the noise. However, the current sample is likely underpowered to detect realistic effect sizes of individual SNPs. Further, the lack of correspondence between pathway analyses in the CADD and replication samples may be due to limited power, or qualitative differences in the genetic effects on BD across different ages (adolescent versus adult) or sampling distributions (over-sampled for BD versus community-representative). Key to the search for causal genetic pathways underlying BD will be the availability of increasingly large, thoroughly phenotyped samples. Although the current analyses did not identify specific loci associated with BD, we demonstrate substantial heritability due to effects of common SNPs. Larger studies with appropriate phenotypes could well allow successful identification of common variants associated with BD.
Acknowledgments
The Center on Antisocial Drug Dependence (CADD) data reported here were funded by grants from the National Institute on Drug Abuse (P60 DA011015, R01 DA012845, R01 DA021913, R01 DA021905).
The Minnesota Center for Twin and Family Research (MCTFR) was supported in part by USPHS Grants from the National Institute on Alcohol Abuse and Alcoholism (AA09367 and AA11886), the National Institute on Drug Abuse (DA05147, DA13240, and DA024417), and the Note. Index SNP = most significant SNP tagging the LD block; A1 = tested minor allele; A2 = alternate major allele; MAF = minor allele frequency; HWE P = Hardy-Weinberg Equilibrium p-value; Beta = linear regression coefficient; P = association p-value; Chr, Start, Stop = location of the LD block tagged by the Index SNP; N = number of tested SNPs in the LD block; Kb = size of the LD block; Genes = genes overlapping the LD block. genome-wide significance at p=5×10 -8 ; the lower (solid) line marks p=5×10 -5 (loci described in Table 1 ). Replication in MCTFR and SAGE …………………………………… 9
Supplementary Methods and Results
Additional sample and genotyping details
Method comparison within CADD …………………………………… 10
References ……………………………………………………………………………. 11 Table S1 . Demographics ………………………………………………………. 14 Table S2 . Candidate gene p-values ……………………………………………. 15 Table S3 . INRICH results of all candidate pathways in CADD ………………. 16 Table S4 . INRICH results of GO pathways tested in all three samples ………. 17 Figure S1 . Phenotype distributions in each sample …………………………... 21 Figure S2 . Ancestry components in CADD ………………………………….. 22 Figure S3 . QQ plots from each sample's GWAS …………………………….
Supplementary Tables and Figures
Supplemental Methods and Results
Center on Antisocial Drug Dependence (CADD)
Phenotype definition. We created a behavioral disinhibition (BD) composite score for every subject aged 13-19 from the studies that are part of the Center on Antisocial Drug
Dependence ( We did not include self-reported ADHD because it was unavailable for a sizable portion of the sample. Each measure was adjusted for type of test (DSM-IIIR or DSM-IV for symptom measures, TPQ or TCI for novelty seeking), type of administration (paper-and-pencil or computer-administered), and age and age-squared within sex within only the communityselected samples. Regression weights were then applied to all subjects, including the clinical samples and their siblings. We then standardized the scores again, to create equivalent scores for each sex with a mean of 0 and standard deviation of 1 within the community subjects. Principal component scores were used to create a composite BD score from the three normed measures (dependence vulnerability, conduct disorder, and novelty seeking). Finally, the saved first component was standardized within sex from the community norms. The principal component score coefficients were 0.499 for conduct disorder, 0.490 for dependence vulnerability, and 0.290 for novelty seeking.
Criteria for clinical probands. "Clinical" probands (i.e., participants selected as part of a high-risk BD sample) were defined as those who met the following criteria at study intake: (1) age 14-19 years, (2) full-scale IQ >80, (3) had one or more lifetime non-tobacco substance dependence symptoms, (4) had one or more lifetime Conduct Disorder symptoms, (5) were more than one standard deviation above the community mean on a composite measure of combined conduct problems and substance dependence symptoms (Stallings et al., 2005) , and (6) were ascertained as a high risk sample (i.e. recruited through substance abuse treatment, special schools, or involvement with the criminal justice system). In addition, for participants 17 years of age or younger, (7) valid written consent from parent, guardian, or custodial agency, together with assent from the subject, were required. At the time of first contact, exclusion criteria for probands were: (1) psychosis; (2) current serious risk of suicide, violence, or fire setting (though many probands do have these problems in their past histories); (3) insufficient English skills for assenting/consenting or completing interviews.
Selection of participants for genotyping. The majority of participants identified for
genotyping were recruited at project centers in Boulder, Colorado, USA and Denver, Colorado, USA. A smaller sample of individuals with extremely high BD phenotypes was recruited from a project site in San Diego, California, USA. Within the families of clinical probands, we selected subjects with a BD score equal to or greater than 1. We then ranked within family for highest BD score and selected the individual with the highest score for genotyping. In the community-based families, we first identified families where at least one family member had a BD score greater than the clinical proband family average (2.634) and selected the most extreme individual for genotyping. From the remaining non-clinical families, we prioritized families from the Longitudinal Twin Study (Rhea et al., 2006; , Colorado Twin Study with executive function data (Rhea et al., 2006; , and Family Study (Stalling et al., 2003 (Stalling et al., , 2005 community samples Behavioral disinhibition GWAS supplement 4
(to maximize availability of phenotypic measures for future study), as well as families that reported non-Caucasian or Hispanic ancestry and gave greater priority to males (to roughly sexmatch the heavily male clinical sample). We then included a random number within the priority score and selected the individual with the highest priority from within each family, resulting in essentially a random draw within families. Additional family members were genotyped as time and finances allowed. If genotyping of a target proband failed but genotyping for a sibling succeeded, the sibling replaced the target proband in the final CADD GWAS sample.
Genotyping and quality control. In total, we attempted genotyping of 2776 samples from 1985 families (where "family" includes biologically related individuals and/or sample duplicates). 43% of samples came from genotyped families of two or more samples (average family size = 3.0). Of these genotyped individuals, 68% provided saliva while the remaining participants provided whole-blood samples. Individual samples were randomized into batches of 48 subjects each. All participants were genotyped on the Affymetrix 6.0 array (Affymetrix, Inc., Santa Clara CA). Intensity data were normed separately by sample type (blood versus saliva) and any samples with a quality control score less than 0.8 in Birdseed was removed. Genotype calls were made using BEAGLECALL (Browning & Yu 2009 ) with 6 iterations, each with increasingly stringent calling parameters. Potential cryptic relatedness and sample contamination were further investigated among the Caucasian samples using pi-hat estimates from PLINK (Purcell et al. 2007 ). Genotypes from 83 chips were dropped due to identity or quality problems (including excess heterozygosity, mismatch between genotyped and self-reported sex, and apparent unrelatedness with duplicate or family samples). This represents an overall sample failure rate around 3%. An additional 24 chips whose identities could not be positively confirmed were dropped from a single batch with a high rate of misidentified chips. After full Behavioral disinhibition GWAS supplement 5 quality control for sample failures, contamination, low call rates, and potential sample mix-ups, and dropping related individuals and sample duplicates, our final sample included 1,901 unrelated individuals with estimated behavioral disinhibition (BD) scores. Of the final BD sample, 34.7% had available duplicate, family-member, or previously completed genotypes available, allowing positive confirmation of identities of these samples.
Minnesota Center for Twin and Family Research (MCTFR)
Sample. MCTFR is a family-based study, including parents and their biological or adoptive offspring. While the MCTFR is broadly community-representative in terms of being unselected for specific behavioral outcomes, a subset termed the "Enrichment Study"
(comprising 17% of the GWAS sample analyzed here) was over-selected for twin pairs where at least one of the pair demonstrated childhood behavioral problems (such as symptoms of ADHD, conduct disorder, or academic disengagement). These participants were recruited to increase sampling of individuals at risk for later disinhibition-related outcomes (Keyes et al. 2009 ). For the current project, we utilized data from the MCTFR offspring generation only, at their assessment around age 17, to improve the potential similarity in genetic etiology between the MCTFR and CADD samples. That is, while the MCTFR participants represent a less severe sample in which to examine BD, the availability of nearly identical phenotypes (e.g., inclusion of a non-substance measure of disinhibition) at similar developmental stages (i.e., adolescence) in both the CADD and MCTFR samples may improve our ability to make interpretable comparisons between samples. MCTFR participants had an average age of 17.9 (SD=0.78, range=16-21), 53.3% were female, and individuals included in the GWAS were restricted to those of non-Hispanic Caucasian ancestry.
Phenotype. The target phenotype was a higher-order factor score of BD, defined using Behavioral disinhibition GWAS supplement 6 both substance and non-substance antisocial behaviors, as described in (Hicks et al. 2011; .
Genotyping. Participants were genotyped on the Illumina Human660W-Quad array (Illumina, Inc., San Diego, CA), with a total of 515383 autosomal SNPs available after quality control. Ten ancestry principle components were estimated to account for population stratification. Details of the quality control procedures and ancestry principal components estimation in the MCTFR are described in Miller et al. (2012) .
Study of Addiction: Genes and Environment (SAGE)
Sample. SAGE was designed as a study of adult alcohol dependence, including 3988 unrelated genotyped individuals (50% of whom were selected as alcohol dependent cases) drawn from three primary studies of alcohol (COGA, , nicotine (COGEND, Bierut et al. 2007) , and cocaine dependence (FSCD, . SAGE participants had an average age of 39.0 (SD=9.1, range=18-77), 54.3% were female, and 35.6% of participants reported Hispanic and/or African ancestry, with the remainder of the sample being non-Hispanic
Caucasian. Although the available phenotype and age of assessment differ substantially between the CADD and SAGE studies, the similar sampling methods aimed at over-including individuals in the high extreme, clinically significant range may provide better power to detect genetic effects, to the extent that these effects would be more difficult to detect in a community sample where there is less variance in BD or substance dependence.
Phenotype. Based on available data, the target phenotype was the average number of substance dependence symptoms endorsed by a participant for any substance they reported having ever used, including alcohol, nicotine, cannabis, cocaine, opiates, and other drugs.
Genotyping. All participants in SAGE were genotyped on the Illumina Human1Mv1_C
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BeadChip array (Illumina, Inc., San Diego, CA), with a total of 917694 autosomal SNPs available after quality control. Details of the quality control procedures in SAGE are described in . SAGE genotypes were accessed via the National Center for Biotechnology
Information's database of Genotypes and Phenotypes (dbGaP; study accession:
phs000092.v1.p1). Genomic ancestry components were estimated using the same method applied in the CADD sample, extracting 10 genomic ancestry dimensions by performing multidimensional scaling in PLINK.
Pathway analysis
Pathway analyses provide a promising avenue for identifying and validating candidate biological systems involved in the etiology of psychiatric and behavioral phenotypes. Pathway approaches seek to demonstrate whether regions of significance in GWAS results tend occur in genes clustered into pre-defined "pathways". For some phenotypes, we may have strong hypotheses about which biological pathways or sets of candidate genes are likely to be involved in the etiology of a disease; for others, we may be searching for new candidates. Even in cases where prior evidence suggests strong candidate genes or pathways, these are not always borne out in thorough large-scale analyses.
Pathway analysis of genome-wide data is a rapidly developing area, in terms of both theory and application. We took two, complementary approaches to pathway analysis: first, we sought to confirm previously proposed candidate gene pathways; second, we conducted an exploratory analysis aimed at identifying novel pathways involved in BD. In the confirmatory analysis, we tested a predefined set of pathways composed of genes widely theorized to influence addiction (a component of BD strongly associated with the overarching phenotype). In the exploratory analysis, we sought to identify novel pathways for BD by comparing the CADD GWAS results to pathways defined in the Gene Ontology database (GO; The Gene Ontology Consortium 2000). For any pathways identified as marginally significant in the CADD GWAS results, we then sought replication of pathway association in both the MCTFR and SAGE samples.
Pathway analysis generally proceeds along two steps: first we identify genomic regions showing association with the phenotype; and secondly we test whether these regions overlap with genes clustered within pathways more than would be expected by chance. We defined low p-value genomic regions as those that included one or more SNPs with association p<5×10 -3 , and extending to surrounding SNPs meeting r 2 >0.5 with the index SNP (the lowest-p-value SNP in the region) and association p<5×10 -2 . These low p-value genomic regions were estimated from each study's GWAS results in PLINK.
INRICH ) was selected to conduct our pathway analyses as it is wellsuited for testing both large (i.e., exploratory) and small (i.e., candidate) pathway sets and assesses overlap between pathways and associated genomic regions, rather than specific SNPs.
This makes it easier to compare results from samples genotyped on different platforms, without either removing non-overlapping SNPs or requiring an intermediate step of imputation.
INRICH's two-step permutation procedure produces two p-values: an empirical P that takes into account genomic coverage of both the pathway and the tested SNPs, and a corrected P, adjusted for testing multiple pathways. INRICH was run with standard settings (with 10 6 permutations in the first step, and 10 4 in the second), and gene locations were defined by NCBI build 37.2.
Candidate genes. We sought to test whether candidate gene sets including commonly studied genes for addiction and related behaviors were over-represented among the low p-value genomic regions in the CADD GWAS. CADD = Behavioral disinhibition factor score; MCTFR = Behavioral disinhibition factor score; SAGE = average substance dependence symptoms. Self-reported ancestry: For all studies, individuals were categorized as Hispanic if they reported any Hispanic ancestry; individuals were categorized by their non-Hispanic racial category if they did not report Hispanic ancestry.
Sample representation:
Community in CADD and MCTFR indicates community-representative sample; Community in SAGE are individuals who do not qualify for DSM-IV substance dependence; Clinical in CADD are individuals ascertained from substance abuse treatment, special schools, or involvement with the criminal justice system; Clinical in MCTFR are individuals over-selected for increased rates of ADHD, conduct disorder, and academic disengagement; Clinical in SAGE are individuals who meet DSM-IV substance dependence. 
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